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Bioelectronic devices with medical functions have attracted widespread attention in recent years. Power
supplies are crucial components in these devices, which ensure their stable operation. Biomedical
devices that utilize external power supplies and extended electrical wires limit patient mobility and
increase the risk of discomfort and infection. To address these issues, self-powered devices with inte-

grated power supplies have emerged, including triboelectric nanogenerators, piezoelectric nanogenera-
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tors, thermoelectric generators, batteries, biofuel cells, solar cells, wireless power transfer, and hybrid
energy systems. This mini-review highlights the recent advances in the power supplies utilized in these
self-powered devices. A concluding section discusses the subsisting challenges and future perspectives in
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1. Introduction

With the development of modern biomedical technologies, bioe-
lectronic devices have become powerful solutions for healthy,
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integrated power supply technologies and design and manufacturing of self-powered devices.

comfortable and high-quality life." In such devices, the power
supply is one of the most important parts. Recently, various light-
weight power supplies have been designed for self-powered wear-
able and implantable bioelectronics, which eliminate the need
for external power supplies and extended electrical wires being
used in conventional biomedical devices.*™**> However, the trend
towards small-volume and light-weight power supplies inevitably
results in insufficient energy and frequent replacements. Simply
increasing the energy densities of these power supplies may
cause safety concerns.'®"” Consequently, the development of self-
powered bioelectronic devices with reliable and stable integrated
power supplies is highly desired.
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The integration of power supplies into bioelectronic devices
has sparked an innovative concept of self-powered
bioelectronics.'®*° Such self-powered devices contain various
types of power supplies, including triboelectric nanogenerators
(TENGS),*"** piezoelectric nanogenerators (PENGs),>* ¢ thermo-
electric generators (TEGs),””?® batteries,”>*° biofuel cells
(BFCs),** solar cells (SCs),*® and wireless power transfer (WPT)
systems.””>° However, it is still of great difficulty to seamlessly
integrate these self-powered technologies into smart devices,
which requires cutting-edge design concepts and advanced
microfabrication strategies. The rapid growth of research outputs
in these areas poses the need for review articles that summarize
recent advances.’®™® For example, a self-powered intracardiac
pacemaker based on triboelectrification and electrostatic induc-
tion was put forward for the treatment of arrhythmia.** A self-
powered, light-controlled and wirelessly programmed drug deliv-
ery device was designed for the programmed release of drugs.>

In this mini-review, we start with a brief description on the
fundamentals of self-powered devices. After that, we present
the current progress of various self-powered wearable and
implantable devices integrated with power supplies including
TENGSs, PENGs, TEGs, BFCs, batteries, SCs, WPT systems and
their hybrid power sources. Finally, the subsisting challenges
and future perspectives of self-powered bioelectronic devices
are also discussed.

2. Fundamentals of self-powered
devices

The term “self-powered” means that the device has its own
power supply or propelling force according to the Merriam-
Webster dictionary.”® Fig. 1 presents some typical examples of
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self-powered bioelectronic devices that utilize TENGs, PENGs,
TEGs, BFCs, batteries, SCs as power supplies.>??%*%50752
Electric generators (TENGs, PENGs and TEGs) obtain energy
from external skin motion, internal body-organ movement,
and temperature difference (Fig. 1a, b and c). They exhibit
smaller size, better biocompatibility and higher sustainability
compared with the traditional external power supplies, which
makes them more suitable to be integrated into self-powered
devices for diagnostic and therapeutic applications.

In addition, batteries are one kind of power supply being
widely used in biomedical devices which convert chemical
energy into electricity. Though Li-ion batteries are the mostly
used type, this article focuses on advanced biocompatible
battery technologies, which utilize biocompatible or bioresorb-
able battery materials and components (Fig. 1d). Biofluid-acti-
vated BFCs convert biochemical energy into electrical energy
with the assistance of biocatalysts (Fig. 1e). Glucose and
lactate which are widely distributed in human biofluids (i.e.,
sweat, tears, gastrointestinal fluid, urine, etc.) can act as “bio-
fuels” and be oxidized by oxygen to generate electric power.
They have low energy density and are typically safe even short-
circuit occurs. SCs can provide sustainable, clean, and renew-
able energy, demonstrating significant potential in self-
powered bioelectronic devices (Fig. 1f). SC-based devices not
only convert sunlight directly into electric energy, but also
store the generated energy to power the devices. Besides, the
WPT technology in bioelectronic devices usually use electro-
magnetic field induction to transmit power, in which the
transmitter coil generates time-varying electromagnetic waves
in the radio wave frequency (RF) range which can induce a
current in the receiver coil. Given the different operating con-
ditions of the power supplies mentioned above, they need to
be contextualized and thus integrated into different medical
bioelectronic devices. In some cases, these power supplies can
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Fig. 1 Examples of some typical self-powered biomedical devices and integrated power supplies. (a) The internal perspective structure and mecha-
nism of a TENG in an intracardiac pacemaker. Adapted from ref. 44 with permission from Nature Springer, Copyright 2024. (b) The photograph and
mechanism of a PENG in a microneedle drug delivery system. Adapted from ref. 50 with permission from John Wiley and Sons, Copyright 2021. (c)
The photograph and mechanism of a TEG in a wound healing device. Adapted from ref. 49 with permission from John Wiley and Sons, Copyright
2024. (d) The photograph and mechanism of galvanic cells in a light-controlled drug delivery system. Adapted from ref. 29 with permission from the
National Academy of Sciences, Copyright 2023. (e) The photograph and mechanism of a BFC in an ascorbic acid-assisted sweat patch. Adapted from
ref. 51 with permission from John Wiley and Sons, Copyright 2024. (f) The photograph and mechanism of an SC in a wearable sweat sensor.
Adapted from ref. 36 with permission from Nature Springer, Copyright 2023.
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be integrated together to form hybrid power supplies. This
may become the future trend for long-term continuous
operation.

3. Integrated power supplies for self-
powered devices

The emerging power supplies (e.g., TENGs, PENGs, TEGs, bat-
teries, SCs) convert mechanical, thermal, electrochemical,
biofuel and solar energies into electric energy. TENGs and
PENGs are representative power supplies which can utilize the
mechanical energy from human motions. TEGs utilize the
temperature difference between the human body and the
environment to convert thermal energy into electric energy.
Batteries, a package of one or more galvanic cells, generate
electricity from chemical energy. BFCs utilize biofluids (e.g.,
sweat) and convert bioenergy into electric energy, in which the
biofluids, oxygen and enzymes act as the biofuel, oxidant and
biocatalysts, respectively. SCs convert solar energy into electri-
cal energy when exposed to sunlight. The WPT technology can
achieve electromagnetic energy transmission without physical
connectors by controlling the electromagnetic field. Hybrid
energy systems include any combination of the above-men-
tioned power supplies.

3.1. Triboelectric nanogenerators

Based on the effects of contact electrification and electrostatic
induction,?®* TENGs can harvest mechanical energy and
convert it to electric energy. Firstly, electrons between two
different materials can spontaneously transfer through contact
electrification. After separating them, these two materials
become electrically charged. In order to maintain the electro-
static equilibrium between them, electrons flow in the external
circuit. Therefore, TENGs equipped with self-powered devices
can supply stable alternating current (AC). Recently, a flexible
transparent electrode (FTE) composed of Mxene nanosheets,
alginate and glycerol was prepared.’® Its triboelectric poten-
tials with various clothing fabrics, including polytetrafluoro-
ethylene (PTFE) fiberglass, polyester fiber, acetate fiber tropical
suiting, knitting wool, imitation silk, etc., were evaluated.
These commonly used fabrics exhibited high-output voltages.
The assembled TENG composed of an FTE and a PTFE not
only drives the release of antibacterial drugs, but also provides
electrical stimulation for accelerated wound healing. Due to
the contact electrification principle, FTE and PTFE surfaces
generate positive and negative charges, respectively (Fig. 2a).
As the PTFE and FTE are separate, the positive charges gener-
ated from the FTE can be transferred to silver fabric and thus
form current simultaneously. When the PTFE re-approaches
the FTE, the current in an opposite direction can be formed,
which provides electrical stimulation to the wound tissue for
cell migration, cell proliferation, and collagen deposition.
Recently, a TENG-powered dissolvable microneedle patch
for deep-seated melanoma therapeutics was reported,®® in
which the microneedle is composed of water-soluble polymers
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and therapeutic drugs diffuse through the epidermis via ionto-
phoresis driven by the TENG. The TENG, composed of silicone
rubber and a conductive textile, outputs an AC and a short-
circuit current (I) of 54 pA. By converting the generated AC to
direct current (DC) through a power management system
(PMS),”” the output current reaches 1.5 mA, which is enough
to drive the drug delivery in the iontophoresis process. In
addition to facilitating drug penetration for deep-seated mela-
noma therapeutics,’® inflammatory skin disorders,”® and inter-
vertebral disc degeneration repair,>® the TENG-powered micro-
needle patch can also promote tendinopathy treatment
through transcutaneous electrical stimulation.®® The pulsed
electric output generated directly from TENGs can improve the
pharmacodynamics of epidermal growth factor. Besides, a flex-
ible plate-based TENG with polyamide (nylon 6) and poly(viny-
lidene fluoride-trifluoroethylene) (PVDF-TrFE) films was also
used as the power supply of an electrical patch for stimulating
collagen regeneration in the tendon.®* The TENG patch (5 mm
x 5 mm) affixed to the leg of a rat exhibited an output voltage
of 5-8 V when the rat moved. Although the patch doesn’t
contain microneedle structure, the electric field generated
from this is also able to penetrate through the skin into a
depth of hundreds of microns (>150 pm) according to the
results of multiphysics COMSOL simulation.

In addition to wearable TENG-based devices, implantable
TENG-powered devices made of biocompatible and bio-
degradable materials have also caught the attention of
researchers. For example, the synthesized biodegradable elas-
tomers (polyurethane and poly(lactide-co-e-caprolactone)) and
metal oxide nanoparticles (ZnO and MoOs3) yielded stretchable,
dissolvable triboelectric nanocomposites.’* The combination
of metal oxide nanoparticles with polymer matrices not only
enhances triboelectric performance, but also biodegradability
and deformability. Besides, a fully implantable, bioresorbable,
and ultra-flexible TENG was produced for bone regeneration.®?
This TENG-powered device delivers a consistent output of at
least 4.5 V, which can ensure sufficient electrical stimulation
for (i) hematoma formation and the inflammatory phase, (ii)
callus generation, (iii) primary bone formation, and (iv) bone
remodeling (Fig. 2b). Due to the electroactive properties of the
myocardium, the PENG-powered conductive cardiac patch was
prepared to rebuild the electroactive microenvironment for the
infarcted myocardium by electrical stimulations.®® In this
cardiac patch, a polydopamine (PDA)-modified reduced gra-
phene oxide (rGO) membrane and a PVDF film were employed
as the electrode and triboelectric layer, respectively (Fig. 2c).
Such a cardiac patch exhibited a remarkable reparative effect
on the infarcted heart in minipig models. Besides, TENG-
powered electrostimulators show great potential in peripheral
nerve regeneration.®® As shown in Fig. 2d, a bioresorbable neu-
rostimulator with an acoustically triggerable transient TENG
(ACT-TENG) and a bioresorbable cuff electrode was prepared.
The cuff electrode composed of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) membranes and Mg electrodes can
deliver the AC electrical impulses (20 kHz, 7.76 V) generated
from ACT-TENG to the targeted site of the sciatic nerve. Such a

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Exemplary works of TENGs. (a) Working mechanism of the self-powered TENG microneedle system for wound dressing. Adapted from ref.
55 with permission from Elsevier, Copyright 2024. (b) Schematic illustration of the TENG-powered electrical stimulator for bone regeneration.
Adapted from ref. 62 with permission from the National Academy of Sciences, Copyright 2021. (c) TENG-powered cardiac patch for repairing
infarcted myocardium. Adapted from ref. 63 with permission from Nature Springer, Copyright 2024. (d) TENG-powered bioresorbable neurostimula-
tor. Adapted from ref. 64 with permission from Nature Springer, Copyright 2023.

neurostimulator has shown distinct improvements for both
compression peripheral nerve injury and hereditary peripheral
neuropathy (Charcot-Marie-Tooth disease type 1 A, CMT1A).

3.2. Piezoelectric nanogenerators

PENGs mainly harvest mechanical energy and convert it to
electrical energy through the piezoelectric effect of various
piezoelectric materials such as zinc oxide (ZnO), poly(vinyli-
dene fluoride) (PVDF), lead zirconate titanate (PZT), and
barium titanate (BaTiO;).>* When a force is applied to the
piezoelectric material, the increase of polarization charge
density generates an electric field with equivalent negative and
positive charges on both sides of the piezoelectric layer, and if
an external circuit is connected with both sides of the piezo-
electric material, a current can be formed in the circuit. Due to
its excellent flexibility and high biocompatibility, PVDF has
been widely used as a piezoelectric layer in the fabrication of
wearable PENGs. Fig. 3a shows a typical structure of a wearable
PENG drug delivery patch. In this design, a PVDF film serves
as the piezoelectric layer, polyethylene terephthalate (PET)
serves as the encapsulation layer, an Ag film serves as the elec-
trode layer, and a Kapton film serves as the substrate layer.>

This journal is © The Royal Society of Chemistry 2025

Cu tape on the Ag electrode layers was connected with Cu
wires to output the current generated from the PENG. As an
external force was applied and removed, a continuous AC in
the external circuit can be generated (Fig. 3b). Besides, an
arched shape memory PENG composed of PET, PVDF, Ag, and
Kapton was also used to power an implanted therapeutic
device.®® The short-circuit current generated from the arched
PENG (20 pA) is twice as large as that of the flat PENG (8.2 pA)
with lightly tapping, which indicates that the arched structure
can increase the electrical output by enhancing the stress and
strain of the PENG.

Recently, a self-powered PVDF-based PENG was integrated
with a microneedle module to achieve controllable drug deliv-
ery.’® In order to enhance the piezoelectric properties of the
PVDF layer, a piezoelectric composite fiber film composed of
carbon nanotubes (CNTs) and PVDF was prepared by the
electrostatic spinning method. The PVDF/CNT layer not only
exhibits flexible mechanical characteristics (stretch up to
125%), but also exhibits an open circuit voltage of 0.88 V
under a finger press pressure of 0.742 kPa, making it suitable
to drive a microneedle drug (sodium nitroprusside) delivery
system. During the drug releasing process, the release rate is

Nanoscale, 2025,17, 2423-2437 | 2427
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Fig. 3 Exemplary works of PENGs. (a) Schematic illustration and (b) working mechanism of a PVDF-based PENG. Adapted from ref. 50 with per-
mission from John Wiley and Sons, Copyright 2021. (c) Schematic illustration and working mechanism of a PZT-based PENG therapeutics device.
Adapted from ref. 67 with permission from Elsevier, Copyright 2023. (d) BaTiOz-based PENG contact lenses with blink-activated drug release.

Adapted from ref. 68 with permission from Elsevier, Copyright 2024.

always positively correlated with both pressing frequency and
pressure. In addition to finger pressing, acoustic energy can
also activate the piezoelectric transducer (as resonator) by
program-specific audio signals. A brain probe with piezoelec-
tric transducer driven by acoustic waves was reported.®” The
PZT-based piezoelectric transducer was installed in a
Helmbholtz resonant cavity, and it can be regarded as a resona-
tor to convert the acoustic wave mechanical energy to electrical
energy based on the piezoelectric effect (Fig. 3¢). By combining
such a PENG with brain stimulating electrodes, this brain
probe device can achieve an electrical stimulation regulation
of blood pressure without external power supplies.

A suitable rhythmic cadence of blinks can also activate the
contact lens-like PENG biomedical devices placed on the eye.
For example, a drug-coated BaTiO;-based PENG, designed to
be carried on contact lenses, was reported (Fig. 3d).®® Through
the Mitsunobu reaction, atropine drugs can be covalently teth-
ered onto the BaTiO; nanoparticles. The embedded BaTiO;-
based PENG with atropine can generate a stable output voltage
of about 10 V when blinking eyes 17 times per minute. This
pulsed electrical stimulation causes reversible deformation
and redox state changes in BaTiO;, triggering the release of
therapeutic atropine from the BaTiO;@Atropine nanoparticles.

3.3. Thermoelectric generators

In addition to the above typical TENGs and PENG, TEGs can
also act as the power supply in self-powered devices due to the
thermoelectric properties of various thermoelectric materials

2428 | Nanoscale, 2025, 17, 2423-2437

(such as Ag,Se and Bi,Te;). According to the Seebeck effect, a
temperature difference between the connected n-type and
p-type legs can generate a voltage drop between them.® Thus,
the TEGs integrated with wearable devices can produce a few
microvolts of electricity from the temperature difference
between the human body and the environment. For example,
p-type and n-type Bi,Te;-based thermoelectric powders, known
for their excellent thermoelectric performance at room temp-
erature, can be used to prepare bead-like ternary hierarchically
coaxial TE strings (THC-TES) for 3D multilayer textile
(Fig. 4a).”° Such textile not only exhibits an output power
density of 0.58 W m™2 (temperature difference AT = 25 K), but
also has excellent mechanical stability with a bending radius
of ~2 mm and even can be knotted. This PEG-powered textile
worn on the forearm (AT = 16 K) can continuously power the
electronic devices for human health monitoring. Besides, the
Bi,Tes-based compounds can be used to design a PEG-
powered wound healing device, in which Bi,Te; and
Biy 5Sby sTe; are regarded as the n-type and p-type legs, recep-
tively.”” This flexible device covered with a biocompatible poly-
imide layer can efficiently utilize body’s self-heat to generate
electricity. This process could also accelerate wound healing in
turn by electrical stimulation in a rat model (Fig. 4b).
Compared to other external large power generation system,
such kind of TEG-powered wound healing device is able to
provide safe electrical stimulation (small voltage/current)
without an additional amplifier, making itself more suitable
for flexible and wearable self-powered biomedical devices.

This journal is © The Royal Society of Chemistry 2025
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3.4. Batteries

Batteries, mainly Li-ion batteries, are power supplies being
widely used in biomedical devices, however, with safety con-
cerns. Recent efforts are on developing lightweight and flexible
biocompatible and/or bioresorbable batteries capable of being
integrated into self-powered wearable and implantable
devices.”! The battery is a package of one or more galvanic
cells. In some cases, the battery itself serves as both the power
supply and the functional part for biomedical applications
(e.g., drug release,”” electrotherapeutics,”® and sensors’*’%),
which reduces the need for complex circuits and electronic
components. For example, a self-powered gate valve device was
designed for controlled drug release, where Mg metal anodes
act as the gates of drug reservoirs, which pairs with a Fe
cathode to form galvanic cells.”® The biofluid serves as the
electrolyte. As shown in the exploded view illustration (Fig. 5a),
the self-powered device includes three bioresorbable Mg
anodes (gates) and an Fe cathode. The gates seal three drug
reservoirs. The cathode and anodes are interconnected by a set
of three phototransistors and optical filters. Illuminating the
phototransistor with light of a specified wavelength range
reduces its resistance, discharges the corresponding galvanic
cell, corrodes the Mg gate, and thus allows drug release
(Fig. 5b). Such a self-powered gate valve device can achieve
controllable release of one specific kind or multiple kinds of
drugs by illumination with monochromatic light or multicolor
light. In addition, a cathodic cytocompatible viologen-based
hydrogel can also act as the drug reservoir (Fig. 5¢).”> During
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Fig. 5 Exemplary works of batteries. (a) Exploded view illustration of an implantable self-powered drug delivery device. (b) Release of drugs from
the gate valve due to light-controlled self-powered anodic Mg corrosion. Adapted from ref. 29 with permission from the National Academy of
Sciences, Copyright 2023. (c) Schematic diagram and corresponding photographs of a wearable Mg battery-powered drug release patch. (d)
Mechanism of Dex drug release from a cathodic P(AM-co-SV) hydrogel. Adapted from ref. 72 with permission from Nature Springer, Copyright 2023.
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discharge, the electrostatic interaction between the hydrogel
and the anionic drug dexamethasone (Dex) decreases and thus
leads to the release of the Dex drug (Fig. 5d). The release rate
of Dex can be controlled by tuning the resistance value of
external resistors. This cell supplies a high energy density of
3.57 mW h cm™?, which is enough to drive the iontophoresis
to achieve potential-controlled drug release.

In addition to drug delivery, galvanic cell-based self-
powered devices can also be used for electrical stimulation.
For example, an Mg-FeMn battery with Mg as the anode and
FeMn alloy as the cathode allows continuous electrical stimu-
lation for neurons axonal outgrowth.”® The anodic reaction is
Mg oxidation (Mg — Mg>" + 2e7), while the cathodic reactions
include oxygen reduction (0O, + 2H,0 + 4e~ — 40H) and
hydrogen evolution (2H' + 2e” — H,). The average open circuit
voltage of the Mg-FeMn cell can remain up to 0.984 V after
24 h operation. Besides, a wearable sweat-activated self-
powered sensor was designed. This device has equipped two
Mg batteries as power supplies, in which Mg, Ag/AgCl and
sweat serve as the anode, cathode and electrolyte, respectively.
In a sweat-free environment, the device remains in an open
circuit, which is safe for the human body with no risk of
leakage or self-discharge. During the perspiration process, the
device is activated to monitor the heart rate, sweat pH and Cl~
concentration.””

3.5. Biofuel cells

BFCs utilize biofluids as the biofuel to generate electricity,
which couples the anodic biofuel oxidation reaction (BOR)
with the cathodic oxygen reduction reaction (ORR). As one of
the most common types of BFCs, enzyme fuel cells (EBFCs)
rely on the cell aerobic metabolism to consume oxidizable fuel
and generate electrical power using biocatalysts including
anodic glucose oxidase (GOx), lactate oxidase (LOx), and
alcohol oxidase (AOx) for BOR, and cathodic laccase and biliru-
bin oxidase (BOD) for ORR. However, the existence of cell
membranes has limited the power densities of MBFCs by
slowing down the electron transfer from the enzyme to the
anode surface. Thus, directly loading these enzyme biocata-
lysts on the surface of electrodes can surpass this output
power limit and facilitate the application of EBFCs in bioelec-
tronic devices. Combining GOx and BOD with carbon nano-
tube (CNT)-coated Ni foam electrodes forms the enzyme-
loaded anode and cathode of a glucose-based EBFC in the gas-
trointestinal environment, respectively. The EBFC powers the
glucose sensor (Fig. 6a).”® Tetrathiafulvalene-7,7,8,8-tetracya-
noquinodiamethane (TTF-TCNQ) and 2,2-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS*”) mediators can effec-
tively promote electron transfer on the anode and cathode,
respectively. This self-powered battery-free device generates a
power of more than 0.4 pW even in a very low glucose concen-
tration environment, which can activate the electronic circuitry
for glucose concentration signal transmission.

Recently, anti-biofouling and flexible fiber EBFCs with
intrinsic biocompatible CNT-modified fiber electrodes have
shown great potential in the development of implantable
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Fig. 6 Exemplary works of BFCs. (a) Schematic illustration of a glucose
BFC-powered capsule-shaped sensor in the small intestine. Adapted
from ref. 76 with permission from Nature Springer, Copyright 2022. (b)
Schematic illustration of a glucose BFC-powered biosensing suture.
Adapted from ref. 78 with permission from Elsevier, Copyright 2024. (c)
Schematic illustration of an ascorbic acid BFC-powered sweat sensing
platform. Adapted from ref. 51 with permission from John Wiley and
Sons, Copyright 2024.

medical devices. However, the low concentration of oxygen in
the in vivo environment is one of the major limits for the
power output of EBFCs.”” Accordingly, glucose-based EBFC
biosensing sutures have been put forward, in which tetrathia-
fulvalene/GOx-modified carbon fiber and Ag,O/CNT-modified
carbon fiber serve as the anode and cathode, respectively
(Fig. 6b).”® The sutures remain partially outside the body and
thus access the atmosphere with a higher oxygen concen-
tration compared to the in vivo environment. Besides, wearable
devices with EBFCs (exposed to air) utilize epidermal bio-
markers in sweat (e.g., glucose, lactate, and ascorbic acid) to
harvest bioenergy, which in turn power the sensors for bio-
markers. For example, a lactic acid biofuel cell was developed
by integrating a lactate oxidase (LOx)-loaded anode and a Pt-
Co nanoparticle-loaded cathode.”® This device achieves an
excellent power density of 3.5 mW cm™> in untreated human
sweat and remains stable for more than 60 hours with continu-
ous working. Recently, an ascorbic acid-based BFC platform
with Au/reduced graphene oxide (Au-rGO) dual hydrogels as
the anode and Pt-Cu hydrogels as the cathode was reported
(Fig. 6¢).>" Although the ascorbic acid concentration is rela-
tively low in sweat, the as-prepared device exhibits a maximum
power density of 35 yW cm™ in the air equilibrated PBS solu-
tion containing 0.5 mM ascorbic acid. Given the diversity of
biomarkers in human sweat, some exogenous metabolites in
sweat such as ethanol can be generated in large quantities
after alcohol drinking, a flexible wearable epidermal microflui-
dic ethanol/oxygen biofuel cell was prepared to collect, trans-
mit, store and utilize fresh human sweat in real time through

This journal is © The Royal Society of Chemistry 2025
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a designed epidermal microfluidic module.*® This deign
expands the biofluid in EBFCs from endogenous substances
(glucose, lactate, and ascorbic acid) to exogenous metabolites
(ethanol). It opens more possibilities for the applications of
wearable flexible sensors such as drink-drive testing.

Microbial fuel cells (MFCs) have been widely explored
besides EBFCs, which mainly utilize bacterial metabolism to
convert biochemical energy in biofluids (e.g., sweat) into elec-
trical energy. In addition to the bacteria from the natural
environment such as Shewanella oneidensis MR1, the bacteria
that exist on human skin can also act as biocatalysts to “eat”
sweat by metabolism effects. Due to the bacterial electrogeni-
city of three skin bacteria (Staphylococcus epidermidis, staphylo-
coccus capitis, micrococcus luteus) and one ammonia-oxidizing
bacteria (nitrosomonas europaea), a flexible skin-mountable
MFC-powered e-skin was designed.®' In addition, incorporat-
ing the spores of Bacillus subtilis into MCFs can also promote
sweat secretion and generate electrical power. The maximum
power density can remain 24 pW cm™> even after working for
48 h.®? Given the extensive variety of microbes living in sym-
biosis with the human body, it is promising to integrate bac-
teria that generate electricity into the fabrication of biomedical
devices for health monitoring and healthcare applications.

3.6. Solar cells

As a renewable energy resource, light-activated SCs harvest
energy from natural sunlight to power bioelectronic devices.
The typical photovoltaic technologies based on silicon have
limited the application in wearable devices due to the fragile
and rigid characteristics of silicon. Recently, some flexible SC-
integrated devices have been reported including perovskite SCs
and organic SCs.** Thanks to the flexibility of organic
materials, a flexible photonic skin consisting of solar cells,
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detectors was designed as a self-powered device for photo-
plethysmogram monitoring. In this system, the PLEDs can
retain 70% of the initial brightness in such an SC-powered
device after working for 11.3 h. Recently, a flexible perovskite
SC-powered sweat sensor for sweat analysis under sunlight or
indoor light was put forwarded by Gao’s group (Fig. 7a).>
Such a device has a flexible printed circuit board (FPSC), a
FPSC power unit, and a microfluidic sensor patch, in which
the 2D  FPSC  with p-i-n  architecture  with
(MBA),(Csp.12MAy g5)6Pb(1,Cl;_4),, as the perovskite absorber
layer play a key role for power supply (Fig. 7b). The power con-
version efficiency (PCE) of this sweat sensor can reach 14.00%
and 29.64% under air mass global 1.5 (AM1.5G) sunlight and
600 Ix indoor LED light, respectively, which shows its potential
for outdoor and indoor applications. Similarly, a novel sand-
wich-structured photovoltaic microcurrent hydrogel dressing
(PMH dressing) was also successfully designed for facilitating
wound healing. Flexible organic photovoltaic (OPV) cells inte-
grated with the hydrogel dressing can provide suitable electri-
cal stimulation for healing infected diabetic wounds."®

3.7. Wireless power transfer

The WPT technology can harness environmental energy
sources like radio frequency (RF) signals, ultrasound and an
ambient magnetic field to support device functions. RF power
transmission is achieved by electromagnetic field induction, in
which the transmitter coil generates time-varying electromag-
netic waves in the RF range which can induce a current in the
receiver coil of bioelectronic devices. The RF WPT technology
can be directly used to power implantable bioelectronic
devices such as cardiac pacemakers and nerve stimulators.>”°
For example, a bioresorbable pacemaker module composed of
a receiver (Rx) Mo coil, a pair of stretchable Mo interconnects,
and a stimulation electrode was prepared (Fig. 8a).*’° By
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applying AC current to the transmission coil in vitro, the
current in the Rx coil can be induced wirelessly, which can be
further converted to a DC output by the rectifier diode for
cardiac pacing (Fig. 8b). Similarly, a self-assembled microtubu-
lar electronics was also prepared for intravascular
implantation.’”*° The RF was also used to transfer energy to
the microtubular pacemaker for electrical stimulation, elimi-
nating the need for an energy storage unit in implanted bioe-
lectronic devices. In addition, a nerve stimulator equipped
with a biodegradable conductive nerve conduit also can be
powered by RF WPT technology (Fig. 8c).>’*° Such controlled
wireless electrical stimulation can promote the regeneration of
long nerve defects.

However, the transferred energy through high-frequency RF
signals (>10000 Hz) attenuates rapidly in bio-tissues, which
has made power transmission of such implantable bioelectro-
nic devices more difficult in deep tissues. Therefore, magneto-
electric (ME) harvesters with a low working frequency (<100
Hz) are more suitable for powering implantable devices in the
deep tissues because such magnetic fields are not easily
absorbed by biological tissues. Recently, an ultra-low frequency
magnetic energy focusing methodology was reported.®* A por-
table external magnetic energy transmitter (EMET) can gene-
rate a low-frequency magnetic field (<50 Hz) to drive the

2432 | Nanoscale, 2025,17, 2423-2437

implantable magnetism internally focusing core (MIFC) and
thus generate an internal magnetic field. By controlling the
EMET, the implantable MIFC in the device can generate a
changing magnetic flux and induce an electromotive force.
Such an implantable device under thick tissues (~20 cm) can
be powered through a low-frequency ME method with a trans-
ferred power of 4-15 mW.

These above sustainable power solutions shed light on the
internet of things (IoT)-enabled bioelectronic devices, reducing
dependence on batteries and supporting continuous low-
power operation.

3.8. Hybrid energy systems

Hybrid systems combining different energy generation and
storage technologies represent a pivotal area of research for
self-powered bioelectronic devices. Although the widely recog-
nized TENGSs can generate high voltage, the low output current
has limited their biomedical applications. To address this
challenge, researchers have proposed combining TENGs with
other types of power supplies to supply energy from multiple
sources. Among these, PENGs with similar output character-
istics, resistances, and working frequency ranges to TENGs can
be regarded as the best candidates in the fabrication of hybrid
triboelectric-piezoelectric nanogenerators (TPENGs).*® For

This journal is © The Royal Society of Chemistry 2025
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instance, by using the co-electrospinning method, single-layer
binary fiber nanocomposite membranes (DPCPCx-SBFNMs)
composed of CNTs/PVDF and CNTs/polyacrylonitrile (PAN) can
be prepared (Fig. 9a). Such a DPCPC, 5-SBFNM-based TPENG
exhibited excellent electrical output (187 V, 8.0 pA, and 1.52 W
m~?), which can be integrated with a piezoelectric sensor and
accurately senses human movement. Besides, a flexible poly(di-
methylsiloxane) (PDMS) film embedded with electrospun
PVDF nanofibers can also be used to prepare a sandwich-struc-
tured hybrid TPENG.*® Under an external force of 10N, such a
TPENG can generate a maximum power density of 286 mW
m~2,

Furthermore, TENGs can continuously generate thermal
energy during human movement. This character also offers an
attractive method to further enhance energy recovery efficiency
when a TENG was combined with a TEG as a hybrid energy
system. As shown in Fig. 9b, using a liquid-phase aluminum
coating technique, a hybrid harvester with three layers contain-
ing a bottom aluminum-coated heat transport fabric, a heat
blocking fabric with commercial thermoelectric devices (TED)
and a top aluminum-coated heat transport fabric was fabri-
cated.’” The aluminum-coated fabric in such a hybrid har-
vester serves as a triboelectric electrode and heat-transport
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layer due to its high electrical and thermal conductivity,
respectively. With the assistance of a customized transforming
system, such a device integrated on human clothes generates
an output voltage of 3 V within 240 seconds, with an average
power density of 8.25 mW m™>. Accordingly, such TENG/TEG
hybrid power supply has the potential to alleviate the charging
problems of wearable biomedical devices.

Photocatalytic BFCs can harvest electrical energy from both
light energy and biofuel energy under light induction. For
example, a dual-functional silicon nanowire (SiNWs) photo-
catalyst was synthesized for glucose-based BFCs, in which poly-
aniline-functionalized p-type SiNWs and In,S;-modified n-type
SiNWSs acted as the cathode and anode.®® As a result, such a
photocatalytic BFC-powered device shows a high open circuit
voltage and power density of 0.83 V and 163.01 pW cm™2,
respectively (under AM1.5G illumination), which can power
the sensor for glucose detection. However, the light-dependent
power supplies face the limitations in dark environments, thus
limiting their working scenarios. To solve this problem, a bio-
sensor powered by an integrated hybrid energy harvesting
system consisting of a TENG and an SC has been fabricated
for the detection of multiple biomarkers (including Na®, K",
Ca®" and pH).” Similarly, a hybrid generator with a TEG and
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Fig. 9 Exemplary works of hybrid systems. (a) Schematic illustration of a hybrid TPENG power supply. Adapted from ref. 85 with permission from
the American Chemical Society, Copyright 2024. (b) Schematic illustration of a wearable fabric-based TENG/TEG hybridized energy harvester.
Adapted from ref. 87 with permission from Elsevier, Copyright 2022. (c) Schematic illustration of the self-powered supercapacitor as a glucose
sensor. Adapted from ref. 93 with permission from Elsevier, Copyright 2024. (d) Schematic illustration of the self-powered supercapacitor by WPT
technology. Adapted from ref. 94 with permission from the American Association for the Advancement of Science, Copyright 2023.
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an SC has also been incorporated to improve the power output
of wearable devices.® As a result, wearing this TEG/SC hybrid
power supply on the forearm can generate 34 mW h during
daytime and 5.9 mW h at night within 30 min. Such dual
power supply systems can ensure that wearable biomedical
devices remain operational even under low-light conditions or
when the user is not in motion, making it a reliable tool for
long-term health monitoring.

Supercapacitors (SPCs) are emerging as critical components
for energy storage in self-powered systems due to their high-
power density, rapid charge/discharge capabilities, and excel-
lent durability. SPCs can store energy by electrostatically
accumulating and separating charged ions between the elec-
trolyte and electrode interfaces. By integrating SPCs with
TENGs, the energy generated from TENGs can be directly
stored without the need for rectifiers or external circuitry. For
example, a hybrid SPC/TENG consisted of upper and lower
TENGs with a SPC sandwiched between them exhibited excel-
lent self-charging performance.’® Such a SPC/TENG delivered
an energy density of 0.0278 mW h cm™> and a power density of
0.089 mW cm™>. Similarly, the hybrid SPC/TENG with tissue-
like softness has also been successfully applied as an implan-
table harvester on a porcine heart."* Such a stretchable TENG
has been attached to a live porcine heart can convert
heart beating energy to AC electricity and store it in a stretch-
able SPC. A pressure-sensitive sensor with an all-yarn-based
SPC/TENG as a hybrid power supply can integrate energy har-
vesting, storage, and sensing together.”’ Besides, glucose
sensors integrated with a solid-state supercapacitor and a
microneedle-type system also have been developed for continu-
ous glucose monitoring.”>** The supercapacitor in the sweat
patch can be charged by the glucose-based BFC. Microneedles
coated with GOx catalyze the glucose (in sweat) oxidation reac-
tion and generate electrons (Fig. 9c). The glucose concen-
tration in human sweat is proportional to the charging voltage
of the supercapacitor. This patch-type BFC-powered glucose
sensor not only eliminates the need for an external power
supply while remaining light-weight and adaptable to the
movements of the human body, ensuring practicality and user
comfort.

In addition, supercapacitors can also be charged through
WPT technology to supply power in biomedical devices. For
example, an implantable drug delivery device was put forward
recently, with a Mg receiving coil as the energy harvester and a
Zn-ion supercapacitor for energy storage, respectively
(Fig. 9d).°* When the Mg coil receive external electromagnetic
waves by WPT technology, the generated AC can be converted
into DC power by a small rectifying circuit. After that, the
DC output can be used to charge the Zn-ion supercapacitors
consisted of anodic zinc foil, cathodic molybdenum sulfide
(MoS,) nanosheets, and an ion-crosslinked alginate gel electro-
lyte, which can be safely implanted and gradually
degraded within the body over time. Such a self-powered
implanted device has been proved to have the ability to power
controllable ibuprofen anionic model drug release in a rat
model.
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4. Conclusion and further
perspectives

Advanced bioelectronic devices provide a promising approach
for biomedical healthcare. In the past few years, a considerable
number of emerging self-powered wearable and implantable
bioelectronic devices came out with the rapid development of
digital healthcare technologies. These devices have integrated
various power supplies (i.e., TENGs, PENGs, TEGs, batteries,
BFCs and SCs) to enable them operating independently
without external power supplies, which opens up new possibili-
ties for diagnostic and therapeutic applications. In this mini-
review, the state-of-the-art research progress for recent power
supplies in self-powered bioelectronic devices has been dis-
cussed, as well as their potential for diagnostic and therapeutic
applications. Despite the promising progress of such innovative
power supplies in self-powered bioelectronic devices, there is
still a long way to go. In this context, our perspectives especially
in materials engineering, device design, power management
and artificial intelligence are outlined below.

4.1. Materials engineering

With the development of materials science, high-performance
advanced materials have become essential for the development
of power supplies for self-powered biomedical devices. PVDF
and its composite materials with good piezoelectric response
are widely used in the fabrication of PENG-based devices due
to their high biocompatibility and excellent flexibility.
Conductive flexible materials including laser-engraved thin
metal films, CNTs, conducting polymers, and printable inks
allow the fabrication of highly flexible and durable electrodes.
Flexible power supplies can be integrated into flexible silicone
materials such as PDMS to be worn directly on human skin. In
addition, microneedle arrays prepared from various biocompa-
tible materials (i.e., polylactic acid-Au) facilitate the develop-
ment of mini-invasive therapeutics in drug delivery systems.
Some biodegradable materials including metal foils, amino
acids and organic polymers are also used in the fabrication of
bioresorbable bioelectronic devices. These devices can degrade
in the body after a period of operation with no need for surgical
extraction. Accordingly, the development of advanced materials
will be of great importance toward wireless power supplies in
the fabrication of self-powered bioelectronic devices.

4.2. Device design

The design of wearable and implantable devices usually
demands multiple flexible layers with miniaturized size.
However, miniaturization not only means physical size shrink-
age, but also put forward requirement for the robustness and
consistent power generation capabilities of the devices.
Developing flexible or stretchable power supplies with small
size is of great importance. For example, the piezoelectric layers
(in PENGS), triboelectric layers (in TENGs) and light absorption
layers (in SCs) usually demand the thickness of several
hundred nanometers, while the thickness of metal foils (in bat-
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teries and BFCs) are relatively thicker due to the demand for
more power. Technologies that directly use PENG/TENG/battery
electrodes as stimulating electrodes can further miniaturize
bioelectronic devices, which could potentially allow minimally
invasive surgeries for implantable devices.?*”>

4.3. Power management

The lack of suitable power management will cause considerable
energy loss in the self-powered bioelectronic devices. Thus, it is
of great necessity to consider the energy efficiency of these
power supplies. The use of power management circuits, such as
buck converters and boost converters, can minimize energy loss
in various self-powered devices through efficient energy storage
and power maximization. Generally, the power demand of most
miniaturized biomedical devices typically remains at the milli-
watt level, which is well within the power output generated by
technologies such as TENGs and BFCs. Besides, the suitability
of AC (generated from TENGs and PENGs) and DC (generated
from TEGs, batteries, BFCs and SCs) should also be considered.
A rectifier circuit allows the conversion from AC into DC. In
addition, considering the specific operating conditions of
different power supplies (e.g., TENGs/PENGs with motion and
SCs with sunlight), we believe that hybrid multi-power supplies
can ensure a long-term operation under diverse conditions (e.g,
low-light conditions or the user not in motion). Accordingly,
integrating different types of power supplies is a growing devel-
opment trend of power management in bioelectronic devices.

4.4. Artificial intelligence

The development of artificial intelligence technologies has also
promoted the medical diagnostics and therapeutics of bioelec-
tronic devices. Although the application of artificial intelligence
in bioelectronic devices is still in infancy, some researchers have
already combined machine learning (e.g., deep learning neural
networks) with sweat sensor patches to improve their accuracy,
usability, and convenience for disease diagnosis.”> We could
anticipate increased integration of artificial intelligence techno-
logies into smart self-powered bioelectronic devices in the
future, including machine learning, computer vision, etc.
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